Increased sympathetic nervous system (SNS) activity plays a role in the genesis of hypertension in rats with chronic renal failure (CRF). Because nitric oxide (NO) modulates the activity of the SNS, a deficit of NO synthesis could be responsible for the increased SNS activity in these animals.
Introduction
Hypertension remains a significant clinical issue in the patient with chronic renal failure. Clearly, hypertension is an important etiology in the pathogenesis of renal failure. As the sole etiologic factor hypertension results in end-stage renal disease in ‫ف‬ 25% of patients on chronic renal replacement therapies in the United States. In conjunction with other diseases such as diabetes and chronic glomerulonephritides, hypertension when uncontrolled hastens the progression to end-stage renal disease.
Various factors may play a role in the pathogenesis of hypertension in chronic renal failure. Those include sodium retention and volume expansion, increased activity of vasoconstrictors, such as the renin-angiotensin system (1, 2) , the sympathetic nervous system (SNS) 1 (3) (4) (5) (6) (7) , and endothelin (8) . We have previously shown that the turnover rate of NE was significantly increased in the posterior hypothalamic nuclei and in the locus coeruleus, and chemical destruction of the posterior hypothalamic nuclei by microinjection of a neurotoxin, 6-OH-dopamine, reduced blood pressure in these animals (9) .
Hypertension in rats with chronic renal failure could also be caused by a reduced production of endothelium-derived relaxing factor (EDRF; 10), known to be nitric oxide (NO) (11) (12) (13) . Nitric oxide synthase (NOS) is the enzyme involved in the production of NO-utilizing L -arginine as substrate (13, 14) . NOS is competitively inhibited by N G -monomethyl-L -arginine (L-NMMA) or by N W L -nitro-L -arginine-methyl ester (L-NAME) and other L -arginine molecules that have substitutions on the guanidino nitrogen atoms (15) . These inhibitors have been used as chemical probes of NO synthesis in vivo and in vitro. Chronic inhibition of NO synthesis by L-NAME causes a sustained elevation of blood pressure (16, 17) , marked renal vasoconstriction and hypoperfusion, a 30% fall in glomerular filtration rate, a 39% increase in filtration fraction, and a rise in plasma renin levels in normal rats (18) . Sakuma et al. (19) showed that administration of N G -methyl-L -arginine to male Wistar rats increases renal sympathetic nerve activity (RSNA) and blood pressure. This increase could be reduced by spinal C-1-C-2 transection, implying that NO plays a role in the regulation of sympathetic tone.
For this purpose, we evaluated the effects of L -arginine, L-NAME, or vehicle on blood pressure and on NE turnover rate in different brain nuclei involved in the neurogenic control of blood pressure. We also measured NO synthase gene expression and NO concentration in these brain nuclei.
Methods
Male Sprague-Dawley rats weighing 200-300 g were used for these studies. The animals were fed normal rat chow (ICN Nutritional Bio-chemical, Cleveland, OH) throughout the study. Two groups of rats were used for these studies. One group underwent 5/6 nephrectomy (chronic renal failure [CRF] group) and the other received sham nephrectomy (control group). Sodium pentobarbital (35 mg/kg, i.p.) was used to anesthetize the rats. For the CRF model, rats first underwent two-thirds nephrectomy of the right kidney, and 1 wk later they underwent total nephrectomy of the left kidney. CRF and sham operated rats were further divided into three subgroups. The first subgroup received distilled water ad libitum as drinking water. The second subgroup was given L -arginine 1.25 g/liter in the drinking water. The third subgroup was given L-NAME (50 mg/liter of drinking water). Blood pressure measurements were performed weekly at 10:00 a.m. by the tail-cuff method, using an electrosphygmomanometer and physiograph recorder (model MK-III; Narco Bio-Systems, Houston, TX). Each blood pressure measurement was the average of six to eight readings. Blood samples were drawn from the tail of the animals before and 1, 3, and 5 wk after the 5/6 nephrectomy for measurement of serum creatinine. These serum creatinine were measured by autoanalyzer.
Norepinephrine turnover rate. Towards completion of the study, 300 mg/kg of ␣ -methyl-DL -p -tyrosine methyl ester ( DL -2methyl-3-[4-hydroxyphenyl]-alanine methyl ester) hydrochloride (Sigma Chemical Corp., St. Louis, MO) diluted in 0.5 ml of 0.9% saline was injected in the peritoneal cavity of all rats. Following the injection of ␣ -methylp -tyrosine, rats were killed by decapitation immediately (0 time) or after 3 and 6 h and their brain and thoracic aorta were removed. The brains and thoracic aorta were then immediately frozen under powdered dry ice and stored at Ϫ 70 Њ C for no longer than 3 wk. Later, we cut the brains into consecutive 200-m sections in a cryostat at Ϫ 20 Њ C and obtained bilateral micropunches 0.5 mm in diameter from several brain nuclei using the following coordinates. For the anterior hypothalamic nuclei, the coordinates were A-P from bregma Ϫ 1.1 to Ϫ 1.9 mm; lat. Ϯ 0.9; v ϭ 8.6 mm from skull surface, according to the Paxinos and Watson rat atlas (20, 21) . The coordinates for the posterior hypothalamic nuclei were A-P from Ϫ 3.5 to Ϫ 4.1 mm; lat. Ϯ 0.4 mm; v ϭ 8 mm. For the paraventricular nuclei coordinates were A-P from Ϫ 1.4 to Ϫ 2.0 mm; lat. Ϯ 0.3 mm; v ϭ 7.9 mm. For the locus coeruleus, A-P from Ϫ 9.8 to Ϫ 10.2 mm; lat. Ϯ 1.4 mm; v ϭ 7.2 mm. For the nucleus tractus solitarius, A-P from Ϫ 11.6 to Ϫ 12.6 mm; lat. Ϯ 1.4 mm; v ϭ 8.3 mm. For the rostral ventrolateral medulla (C 1 ) the coordinates were A-P from Ϫ 11.8 to Ϫ 12.8 mm; lat. Ϯ 2.3 mm; v ϭ 10 mm. For the ventral ventrolateral medulla (A 1 ) we performed micropunches at two different levels with coordinates A-P Ϫ 13.6 to Ϫ 14.3 mm; lat. Ϯ 2.0 mm; v ϭ 9.9 mm, and A-P from Ϫ 14.31 to Ϫ 14.60 mm; lat. Ϯ 2.4; and v ϭ 10.0 mm, respectively. All brain samples and aorta were first sonicated in 0.03 N perchloric acid, then centrifuged (10,000 g for 30 s). The supernatants were assayed for NE and epinephrine by the radioenzymatic method of Peuler and Johnson (22) . This assay is based on the use of the enzyme catechol-O -methyltransferase, which transfers a radioactive methyl group from S -[methyl-
3 H]adenosyl-L -methionine to an endogenous catecholamine to form a radioactive O -methyl catecholamine derivative. The sensitivity of this method for NE and epinephrine is 1-2 pg.
NE turnover rate was calculated by assaying the endogenous NE concentration at time 0, 3, and 6 h after the intraperitoneal injection of 300 mg/kg of ␣ -methyl-DL -p -tyrosine methyl ester (23, 24) . After ␣ -methyl-p -tyrosine, the endogenous tissue levels of NE decline at a rate proportional to the initial NE concentrations (25) . The turnover rate of NE was calculated according to the method of Brodie et al. (26) . The log of NE was plotted versus time and the least-square straight line provided the fractional turnover rate, k. The NE turnover (pg·mg Ϫ 1 ·h Ϫ 1 ) was calculated as the product of k times the endogenous concentration of NE. The half-life was calculated from the equation t 1/2 ϭ 0.434 divided by the slope. The 95% confidence intervals were determined for the turnover rates according to the method of Taubin et al. (27) . A confidence interval of one standard error about the slope and endogenous concentration was established. The lower limit of the slope and the lower limits of the endogenous concentrations were multiplied to obtain the lower 95% confidence limits for the mean turnover rates. Similarly, 95% confidence limits were determined for the upper intervals. Each data point includes at least five rats.
Material for RT-PCR. Random hexamers, DTT, Super Scrip reverse transcriptase with reaction buffer (5 ϫ ; 20 mM Tris-HCl, 10 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.01% NP 40, and 50% glycerol), Taq DNA polymerase with reaction buffer (10 ϫ ; 50 mm TrisHCl, 10 mM NaCl, 0.1 mM EDTA, 5 mM DTT, and 50% glycerol, and 1.0% Triton X-100), deoxynucleotide mixture (dNTP) and MgCl 2 were purchased from GIBCO BRL (Gaithersburg, MD).
RNA extraction. Total RNA was extracted by TRIzol Reagent. Briefly, brain nuclei samples obtained by the micropunch technique as previously described, were homogenized in 0.8 ml TRIzol Reagent in a glass homogenizer and then incubated for 5 min at 30 Њ C. Chloroform 0.16 ml was then added to homogenates, vortexed for 15 s, then incubated at 30 Њ C for additional 5 min. The samples were then centrifuged at 10,000 g for 15 min at 4 Њ C. The aqueous phases were separated then mixed with 0.5 ml isopropyl alcohol (100%). The mixtures were incubated first at 30 Њ C for 10 min and subsequently at Ϫ 20 Њ C for 12 h. Later, samples were centrifuged at 12,000 g for 20 min at 4 Њ C. The precipitate was washed twice with 1 ml of 75% ethanol, air dried, and dissolved in 7 l of diethyl pyrocarbonate (DEPC) treated water. The quantity and purity of total RNA for each sample was measured by OD at 260 and 280 nm (model Du-64 Spectrophotometer; Beckman Instruments, Inc., Fullerton, CA). Total RNA measurement of all samples ranged between 0.2 and 0.8 g, OD 260 nm/OD 280 nm between 1.65 and 1.9 g. All samples were stored at Ϫ 70 Њ C for the next part of these experiments.
Reverse transcription. Total RNA (0.2-0.8 g) was mixed with 3 l of random hexamers primers (0.5 ng/ l), incubated at 70 Њ C for 10 min then transferred on ice for 5 min. 9 l of RT reaction mixture (containing 4 l of 5 ϫ reaction buffer, 2 l of 25 mM MgCl 2 , 1 l of 10 mM deoxynucleotide mixture, and 2 l of 0.1 DTT) were added to each sample tube. The mixture was incubated at 25 Њ C for 5 min. Thereafter, 1 l (200 U) of Superscipt II reverse transcriptase was added and samples were incubated at 25 Њ C for 10 min and at 42 Њ C for 50 min. Subsequently, the reaction mixture was heated to 70 Њ C for 15 min to inactivate the reverse transcriptase, then chilled on ice for 5 min. 4 l of cDNA template were used for each PCR.
Polymerase chain reaction. Oligonucleotide primers for PCR were selected from the sequence of Rodentia rattus mRNA for brain nitric oxide synthase (Accession X59949; Genbank, National Center for Biotechnology Information, Bethesda, MD). Primer 1 was defined by bases (2,500-2,620) sequence 5 Ј -AAGAGGGTCAAGGCGAC-CATTC-3 Ј ; primer 2, bases 2,995-2,972, sequence 5 Ј -cGAACACT-GAGGAACCTCACATTGG-3 Ј . The PCR product generated using these primers is 397-bp segment (2,500-2,995). The primers for betaactin were as follows: primer 1 bases (268-289) 5 Ј -TTCTACAAT-GAGCTGCGTGTGG-3 Ј and primer 2 bases (806-783) 5 Ј -ATAC-CCAGGAAGGAAGGCTGGAAG, the segment of PCR product was 539 bp (268-806). PCR for both NOS and beta-actin was performed under the same experimental conditions. The PCR reaction mixture contained 10 l of 10 ϫ PCR buffer, 5 U Taq DNA polymerase, 4 l of cDNA, MgCl 2 2 mM, deoxynucleotide mixture 0.2 mM, and 0.1 M each Primer set. The final volume of each PCR was 100 l. Each reaction mixture tube was overlaid with 50 l mineral oil. The PCR was performed with DNA Thermal Cycler 480 (Perkin Elmer, Branchburg, NJ). The cycling programs were as follows: denaturation for 1 min at 94ЊC, annealing for 1.5 min at 58ЊC, and extension for 1.5 min at 72ЊC. After completion of PCR (25 cycles for betaactin and 28 cycles for NOS), the thermal cycler was stopped in the course of an extension and 80 l of the reaction volume removed through the mineral oil from each vial to be used for quantification of RT-PCR. To make sure that the PCR reaction is appropriate, the remaining 20 l of the PCR mixture were subjected to an additional 15 cycles of amplification. Later, PCR products were separated on 1.5% agarose gel electrophoresis stained with EtBr. Only PCR products with a distinct target band corresponding to the appropriate product on the electrophoresis gel were used for further analysis.
Semi-quantification of RT-PCR. The RT-PCR products were quantified by a method based on that of Higuchi et al. (28) . The PCR products from the RT-PCR reactions (80 l) were diluted 40-fold with water. Then, EtBr was added to each sample to final concentration of 250 ng/ml. Fluorescence was measured in a fluorescence spectrofluorometer (model F-2000; Hitachi Ltd., Tokyo, Japan). Excitation was at 280 nm and emitted light was selected at 590 nm. The amount of both NOS mRNA and ␤-actin mRNA products were measured, and the ratio of these measurements calculated (NOS/ ␤-actin ϫ 100%). This ratio was taken to express the NOS gene expression. To insure the amplification of the right message, the PCR products were determined by DNA sequences analysis.
Nitrate/nitrite assay. To determine NO concentrations in brain nuclei we measured the stable metabolites NO 2 and NO 3 using the Cayman's Kit (Alexis Corp., San Diego, CA). In brief, this assay is a two-step process. The first step is the conversion of nitrate to nitrite utilizing nitrate reductase. The second step is the addition of the Griess Reagents which convert nitrite into a deep purple azo compound, that can be measured by photometric method (Shimadzu Corp., Tokyo, Japan). Known concentrations of NaNO 2 and NaNO 3 are used as standards in each assay.
Effect of angiotensin II on BP and NE secretion. In five rats, we cannulated one femoral artery and one femoral vein under anesthesia. Subsequently, we infused angiotensin II (8-16 ng/min i.v.) to achieve a systolic blood pressure of ‫ف‬ 180 mmHg. After stabilization of blood pressure to ‫ف‬ 180 mmHg for 20 min, rats were killed by decapitation and brains removed for future measurement of NOS mRNA expression in various brain nuclei.
Statistical analyses. The data were analyzed by one-way analysis of variance and the Scheffe's F test for comparisons among groups and by simple regression analysis using the computer program Statview and Graphics 4.01. Values are given as meanϮSEM.
Results
Blood pressure and serum creatinine. The data on body weight, blood pressure, and serum creatinine are summarized in Table  I . In 5/6 nephrectomized rats (CRF) systolic blood pressure increased progressively with time and reached levels of 181Ϯ1.3 mmHg 5 wk postnephrectomy. During the same period of time, CRF rats treated with L-arginine (1.25 g/liter of drinking water) reached systolic blood pressure levels of only 154Ϯ0.7 mmHg, which were significantly lower (P Ͻ 0.01) than those of untreated CRF rats, but still higher than the blood pressure levels in control animals treated with L-arginine (126Ϯ0.9 mmHg) or with vehicle alone (127Ϯ1.0 mmHg). In CRF rats, after only 1 wk of treatment with L-NAME (50 mg/liter of drinking water) systolic blood pressure reached levels significantly higher than untreated CRF rats (184Ϯ4.4 vs. 157Ϯ1.4 mmHg; P Ͻ 0.01). Most of the CRF rats treated with L-NAME died of brain hemorrhage between the third and fifth week after 5/6 nephrectomy. In control rats, treatment with L-NAME for 5 wk resulted in a significant and progressive rise in systolic blood pressure, to levels of 164Ϯ2.0 mmHg. When we used the same amount of L-NAME in the drinking water (50 mg/liter), the increase in blood pressure was of 49Ϯ2.3 mmHg in CRF rats and of 37Ϯ1.3 mmHg in control rats. This, however, did not necessarily indicate a greater role for NO in the regulation of blood pressure in CRF compared with control rats because CRF rats treated with L-NAME drank more water than control rats. As a result, CRF rats ingested a greater amount of L-NAME than control animals. The average dose of L-NAME ingested by CRF rats was 5.2Ϯ0.26 mg/24 h, significantly higher than control animals (2.2Ϯ0.05 mg/24 h, P Ͻ 0.01). In parentheses are the number of rats studied for each group. Only few CRF ϩ L-NAME rats survived after the third week.
When we repeated the experiment by giving CRF rats a reduced amount of L-NAME in the drinking water (25 mg/liter) systolic blood pressure reached levels of 186Ϯ1.9 mmHg after 3 wk of treatment and the average intake of L-NAME (2.5Ϯ0.07 mg/24 h) was not different than in control rats.
There was a significant correlation between the dose of L-NAME ingested and the levels of systolic blood pressure both in CRF (r ϭ 0.89; P Ͻ 0.0001) and control rats (r ϭ 0.74; P Ͻ 0.002; Fig. 1, A and B) . In CRF rats treated with L-NAME serum creatinine was 0.38Ϯ0.01 mg/dl before nephrectomy and increased to 1.4Ϯ0.06 mg/dl after 1 wk, and to 1.39Ϯ0.07 mg/dl 3 wk after the 5/6 nephrectomy. In control rats treated with L-NAME serum creatinine was 0.36Ϯ0.02 mg/dl at baseline and 0.41 mg/dl after 5 wk of treatment.
Norepinephrine turnover in the brain. The endogenous concentration of NE and NE turnover rate in the posterior hypothalamic nuclei, locus coeruleus, and paraventricular nuclei were greater in CRF than control rats (Table II) . Treatment with L-NAME increased NE turnover rate in the posterior hypothalamic nuclei, locus coeruleus, nucleus tractus solitarius, and paraventricular nuclei of both control and CRF rats. Treatment with L-arginine caused a significant decrease in NE turnover rate in the nucleus tractus solitarius of control rats, and a significant decrease in NE turnover rate in the locus coeruleus of CRF rats (Table II) .
The endogenous concentration of epinephrine and the epinephrine turnover rate were greater in the C-1 area of CRF than control rats (Table II) . Treatment with L-NAME increased, whereas treatment with L-arginine decreased the epinephrine turnover rate in the C-1 region of CRF rats. The turnover rate of NE was not different in the rostral ventral medulla of CRF and sham-operated rats. L-NAME caused a significant rise in NE turnover rate in the rostral ventral medulla of both CRF and control rats, but the increase was greater in CRF than control rats. The content and turnover rate of NE in the rostral ventral medulla were significantly lower than the content and turnover rate of epinephrine both in CRF and control animals (Table II) .
Norepinephrine turnover in the aorta. The endogenous concentration of NE and NE turnover rate in the aorta of CRF rats were greater than in control rats (Table III) . Treatment with L-NAME increased the NE turnover rate in CRF rats.
Semiquantification of the RT-PCR products. For the purpose of semiquantification of the RT-PCR, two conditions have to be met. Firstly, it is necessary to determine the ideal number of PCR cycles needed to find the exponential phase of amplification in order to avoid reaching the plateau phase of amplification. Therefore, PCR were performed with varying number of reaction cycles and the PCR products were measured. Fig. 2 shows the results of the amplification of NOS and ␤-actin message with varying numbers of PCR cycles and their quantification using the fluorescence method mentioned above. For NOS the midpoint of the exponential phase of the RT-PCR amplification was at ‫ف‬ 28 cycles, and for ␤-actin at ‫ف‬ 25 cycles.
Secondly, it is essential to correct the amplification process for tube-to-tube variability in amplification efficiency. In order to accomplish this task, endogenous or exogenous standard can be used as a control. In our study, ␤-actin message was used as internal standard for semiquantification of PCR product. The greatest advantage of using endogenous standard is that the reference mRNA and the target mRNA are processed together for the entire duration of the experiment, from RNA extraction to PCR amplification. To confirm the reliability of the semiquantitative method employed above, we extracted total RNA from posterior hypothalamic nuclei of normal rats, we diluted it in different concentrations and performed RT-PCR at 28 cycles for NOS and at 25 cycles for ␤-actin. There was a significant linear correlation between total RNA and PCR products for both NOS and ␤-actin (Fig. 3) . Furthermore, a significant linear correlation between NOS and ␤-actin PCR products for various quantity of starting total RNA was demonstrated (Fig. 4) . In all, these studies attest to the reliability of the semiquantitative power of the RT-PCR method used in this study for quantification of NOS and the internal control ␤-actin message.
NO content and NOS expression in brain nuclei. NO content was greater in all brain nuclei of CRF than control rats (Table IV) . NOS mRNA expression was also greater in all brain nuclei of CRF compared with control rats (Table IV) .
In CRF rats, we observed a significant relationship between the percent increment in NO synthase expression re- Figure 1 . (A) Correlation between the average dose of L-NAME (mg/24 h) ingested by control rats for the entire duration of the study and the levels of systolic blood pressure at the end of the fifth week of treatment with L-NAME (50 mg/liter of drinking water). (B) Correlation between the average dose of L-NAME (mg/24 h) ingested by 5/6 nephrectomized rats for the entire duration of the study and the levels of systolic blood pressure at the end of the third week of treatment with L-NAME (25 mg/liter of drinking water). lated to the renal failure, and the percent changes in NE turnover rate after treatment with L-NAME (Fig. 5) . The correlation, however, depends on one single point and it loses significance (r ϭ 0.66; P Ͻ 0.16) when the highest value corresponding to the nucleus tractus solitarius is deleted. A significant relationship was also present between the percent increment in NO synthase expression related to the renal failure, and the percent changes in NE content after treatment with L-NAME (r ϭ 0.79; P Ͻ 0.05). No significant correlation was present between the percent changes in NO content related to CRF and the percent changes in NE turnover rate after treatment with L-NAME.
Table II. Endogenous NE and Epinephrine (E) Concentration and Turnover Rate in Several Brain Regions of 5/6 Nephrectomized CRF and Control Rats with or without Treatment with L-Arginine (Arg) and L-NAME
To determine whether the increase in NOS mRNA gene expression may be a consequence of increased blood pressure, we infused angiotensin II (8-16 ng/min i.v.) to five rats to achieve a rise in blood pressure of ‫ف‬ 180 mmHg, levels similar to those of CRF rats. Angiotensin II increased blood pressure and NOS mRNA gene expression (Table IV) but decreased NE secretion from the posterior hypothalamus (29) .
Discussion
This study has shown that treatment with L-arginine attenuates the severity of hypertension in CRF rats, whereas treatment with L-NAME, a competitive inhibitor of NO synthase, causes accelerated hypertension and death from cerebral hemorrhage in most CRF rats 4 to 5 wk after the 5/6 nephrectomy. As previously shown by others, administration of L-NAME increased blood pressure in control rats. This supports the notion that basal nitric oxide release from peripheral resistance vessels exerts a tonic vasorelaxant action in vivo in normal animals (30) (31) (32) (33) . Our studies also indicate that basal NO release may exert a tonic vasorelaxant influence in CRF as well as control rats. We observed a dose-response relationship between the amount of L-NAME ingested and the severity of hypertension both in control and CRF rats. Treatment with L-arginine had no significant effect on blood pressure in control rats, but elicited a significant and sustained decline of blood pressure in CRF rats.
The mechanisms for the hypertensive action of L-NAME and the hypotensive effects of L-arginine have been attributed largely to effects on endothelial NO synthase and NO production. However, recent studies have provided evidence that NO synthase is present in specific areas of the brain involved in the neurogenic control of blood pressure (34, 35) . Studies in experimental animals have also provided convincing evidence that the neuronal isoform of NO synthase is an important compo- nent of the transduction pathways that tonically inhibit sympathetic outflow from the brain stem (36) (37) (38) (39) (40) . Thus, the hypertensive effect of L-NAME in the rat could be partly due to activation of central noradrenergic neurons.
We have previously shown that the turnover rate of NE was significantly increased in the posterior hypothalamic nuclei and in the locus coeruleus of 5/6 nephrectomized rats, and chemical destruction of the posterior hypothalamic nuclei by microinjection of a neurotoxin, 6-OH-dopamine, reduced blood pressure in these animals (9) . We have also shown that NE secretion from the posterior hypothalamic nuclei is increased in CRF rats (29) . Studies in our laboratory have demonstrated that bilateral dorsal rhizotomy (T-10 to L-2) prevents the development of hypertension and the increase in NE turnover rate and release in the posterior hypothalamic nuclei in CRF rats (41). This suggests that afferent impulses from damaged kidneys may activate areas of the brain involved in the noradrenergic regulation of blood pressure and contribute to the development of hypertension (42) (43) (44) (45) (46) (47) . This notion is supported by the study of Converse et al. (48) who showed that the decrease in arterial pressure after bilateral nephrectomy in uremic patients on chronic dialysis, was associated with lower sympathetic nerve firing and regional vascular resistance.
To determine whether the increased activity of central noradrenergic neurons of CRF rats is associated with an increase in peripheral SNS activity, we measured NE turnover rate in the aorta of CRF and control rats. We showed that NE turnover was greater in the thoracic aorta of CRF than control rats. This suggests that the peripheral as well as the central SNS activity are increased in CRF rats.
The role of NO in chronic renal failure remains controversial. Vallance et al. (49) showed increased plasma levels of an endogenous compound, N G N G -dimethylarginine (asymmetrical dimethylarginine, ADMA) and lower plasma arginine/dimethylarginine ratio in uremic patients on chronic hemodialysis compared to normal individuals. Because ADMA inhibits NO synthesis both in vitro and in vivo, the authors suggested that hypertension in the uremic patient on maintenance dialysis could be due, at least in part, to inhibition of NO synthesis caused by increased levels of this compound. This notion, however, is not substantiated by the studies of Remuzzi et al. who observed increased NO synthesis in platelets from patients and rats with CRF (50, 51) . They also showed that uremic plasma increased NO synthesis by endothelial cells in culture, suggesting that a circulating factor may be responsible for this action. In the current studies we have shown increased NO and NOS mRNA gene expression in several brain nuclei. Moreover, administration of L-NAME to CRF rats, increased blood pressure and NE turnover rate in all areas of the brain studied. These findings support the notion that the production of NO is increased in CRF rats and it exerts a tonic inhibition of NE turnover in several brain regions. The hypertensive action of L-NAME may be due, at least in part, to activation of central noradrenergic neurons.
In some brain regions, such as the posterior hypothalamic nuclei, the locus coeruleus, and the nucleus tractus solitarius, the increase in NE turnover caused by L-NAME was more pronounced in CRF than in control rats. In CRF rats, there Figure 3 . Correlation between total RNA and PCR products for both NOS and ␤-actin in the posterior hypothalamic nuclei of normal rats. Total RNA was extracted from the posterior hypothalamic nuclei of four normal rats and diluted in 40 l H 2 O. Thus, 15 l correspond to the total RNA contained in 1.5 rats; 11.3 l correspond to the total RNA of 1.13 rats; 7.5 l to 0.75; 3.8 l to 0.38; and 2.0 l correspond to the total RNA contained in 0.2 rat. Correlation between the percent change in NOS gene expression related to CRF and the percent increment in NE turnover rate in seven different brain nuclei (the anterior and posterior hypothalamic nuclei, the locus coeruleus, the nucleus tractus solitarius, the paraventricular nuclei and the C-1 and A-1 regions) after treatment of CRF rats with L-NAME (25 mg/liter of drinking water). was a significant relationship between the percent increment in NOS gene expression, and the percent increase in NE turnover rate after treatment with L-NAME (Fig. 6) . This supports the notion that endogenous NO exerts a tonic inhibition of central noradrenergic neurons involved in blood pressure regulation, and this inhibition is enhanced in CRF rats to mitigate the rise in blood pressure.
The mechanisms responsible for the increased NO and NOS mRNA expression in brain nuclei of CRF rats are not clear. It is possible that they may be a consequence of increased blood pressure or secretion of pressor hormones such as norepinephrine, angiotensin II, and aldosterone. We cannot also rule out the possibility that the uremic milieu might stimulate NOS mRNA expression. The studies of Remuzzi et al. suggest that a circulating factor may be responsible for this action.
One could speculate that the increase in NE turnover in the posterior hypothalamus is the consequence rather than the cause of hypertension. This, however, is unlikely because NE turnover in this region increases when arterial pressure falls and decreases when arterial pressure rises (52, 53) . We have shown that administration of angiotensin II to rats in doses that increased blood pressure to 180 mmHg, caused a significant decrease in NE secretion from the posterior hypothalamic nuclei (29) and an increase in NOS mRNA gene expression in several brain nuclei (Table IV) . There is also substantial evidence that an increase in noradrenergic activity in the posterior hypothalamus is associated with increased peripheral SNS activity and blood pressure. Electrical stimulation of the posterior hypothalamic areas increases blood pressure in the rat (42, 43, 54) , and destruction of these areas decrease blood pressure in SHR rats (55) . Local perfusion of hypertonic saline or phenylephrine in the posterior hypothalamus elicited increased blood pressure, heart rate, and NE release (56) . On the other hand, blockade of ␣-adrenergic receptors with phenoxybenzamine prevented the cardiovascular effects caused by the administration of NaCl or phenylephrine in this area. These data strongly indicate that the increase in NE release and turnover in this region are associated with increased peripheral SNS activity and hypertension. These hemodynamic effects depend on stimulation of ␣-adrenergic receptors in this region. In all, these studies support the notion that increased noradrenergic outputs from the posterior hypothalamic nuclei may play a role in the maintenance of hypertension in CRF rats.
The rostral part of the ventrolateral medulla is a pressor region (57) from which bulbospinal presympathetic neurons descend to the intermediolateral cell column and integrative neurons connect with the posterior hypothalamic nuclei (47) . This region contains several neurons with different neurotransmitters, including biogenic amines, acetylcholine, neuropeptides, aminoacids, and epinephrine (58, 59, 60, 61) . Epinephrine but not norepinephrine appears to be an important neurotransmitter in this region. The turnover rate of epinephrine was greater in the rostral ventral medulla of CRF than control rats suggesting that noradrenergic activity is increased in this brain region of these rats. Because the posterior hypothalamus is under the direct influence of the rostral ventral medulla (61) , the increase in norepinephrine turnover rate in the posterior hypothalamic nuclei and locus coeruleus, could be secondary to greater SNS activity in the rostral ventral medulla of CRF compared to control rats. The caudal ventrolateral (A-1) region, on the other hand, exerts inhibitory influences on the rostral pressor regions. Endogenous NO modulates baseline SNS outflow and excitatory responses in these regions (62) .
Administration of L-arginine decreased NE turnover rate in the locus coeruleus of CRF rats. This suggests that the hypotensive action of L-arginine in part may be due to increased NO production and action on the peripheral resistance vessels, in part to inhibition of central noradrenergic neurons.
One limitation of our studies consists in blood pressure measurements done by the tail-cuff method. Even though we prewarm the animals for 15 min and measure blood pressure in a very quiet environment, measurements by the tail-cuff methods cause a certain amount of stress and are dependent on the activity of the SNS.
In summary, these studies have shown that the basal activity of the SNS in different brain nuclei of normal rats is regulated by local NO production. In CRF rats, the activity of the SNS is increased in the posterior hypothalamic nuclei and in the locus coeruleus, and this increase is partially mitigated by enhanced local NOS gene expression. This is supported by worsening of norepinephrine turnover and blood pressure after administration of L-NAME and by the significant correlation between the increase in NOS gene expression and the increase in NE turnover after L-NAME.
